Adenoprotection of the heart involves phospholipase C-induced activation and translocation of PKC-ε to RACK2 in adult rat and mouse. Am J Physiol Heart Circ Physiol 297: H718 -H725, 2009. First published June 12, 2009 doi:10.1152/ajpheart.00247.2009.-Adenosine protects the heart from adrenergic overstimulation. This adenoprotection includes the direct anti-adrenergic action via adenosine A1 receptors (A1R) on the adrenergic signaling pathway. An indirect A1R-induced attenuation of adrenergic responsiveness involves the translocation of PKC-ε to t-tubules and Z-line of cardiomyocytes. We investigated with sarcomere imaging, immunocytochemistry imaging, and coimmunoprecipitation (co-IP) whether A1R activation of PKC-ε induces the kinase translocation to receptor for activated C kinase 2 (RACK2) in isolated rat and mouse hearts and whether phospholipase C (PLC) is involved. Rat cardiomyocytes were treated with the A1R agonist chlorocyclopentyladenosine (CCPA) and exposed to primary PKC-ε and RACK2 antibodies with secondaries conjugated to Cy3 and Cy5 (indodicarbocyanine), respectively. Scanning confocal microscopy showed that CCPA caused PKC-ε to reversibly colocalize with RACK2 within 3 min. Additionally, rat and mouse hearts were perfused and stimulated with CCPA or phenylisopropyladenosine to activate A1R, or with phorbol 12-myristate 13-acetate to activate PKC. RACK2 was immunoprecipitated from heart extracts and resolved with SDS-PAGE. Western blotting showed that CCPA, phenylisopropyladenosine, and phorbol 12-myristate 13-acetate in the rat heart increased the PKC-ε co-IP with RACK2 by 186, 49, and Ͼ1,000%, respectively. The A1R antagonist 8-cyclopentyl-1,3-dipropylxanthine prevented the CCPA-induced co-IP with RACK2. In mouse hearts, CCPA increased the co-IP of PKC-ε with RACK2 by 61%. With rat cardiomyocytes, the ␤-adrenergic agonist isoproterenol increased sarcomere shortening by 177%. CCPA reduced this response by 47%, an action inhibited by the PLC inhibitor U-73122 and 8-cyclopentyl-1,3-dipropylxanthine. In conclusion, A1R stimulation of the heart is associated with PLC-initiated PKC-ε translocation and association with RACK2. adenosine A1 receptor; protein kinase C-ε; receptor for activated C kinase 2; rodent ADENOSINE IS AN IMPORTANT endogenous physiological modulator of heart function. A major role of this nucleoside in the myocardium is one of adenosine A 1 receptor (A 1 R)-mediated adenoprotection, which is an attenuation of myocardial responsiveness to potentially toxic effects of adrenergic overstimulation. The manifestation of adenoprotection can involve the direct anti-adrenergic action of attenuating adrenergic signaling, involving the ␤-adrenergic catecholamine elicited increases in G s protein cycling (17), adenylyl cyclase activity (24, 36, 37), cAMP formation (7), activation of PKA (8), protein phosphorylation (13), myocardial Ca 2ϩ transient magnitude (14), and ventricular contractility (15). This anti-adrenergic property of adenosine limits the detrimental action of excessive levels of catecholamines that may occur with enhanced sympathetic drive. In this manner, adenosine curtails cardiotoxicity (38) of norepinephrine released during ischemia (39). We have reported that endogenous adenosine reduces the toxic effect of excessive catecholamine stimulation on contractile function (15). Adenosine also attenuates catecholamine responsiveness independently of the anti-adrenergic action. The activation of adenosine receptors and PKC each alone decrease the maximum velocity of shortening (V max ) of rat ventricular cardiomyocytes (25). This suggests contractile responsiveness to inotropic agents can be decreased independently of the antiadrenergic action. Recently, we have reported that, upon activation of A 1 R by the agonist chlorocyclopentyl-adenosine (CCPA), PKC-ε translocates to the transverse tubules (t-tubules) of isolated rat cardiomyocytes (30). PKC-ε is abundantly expressed in the adult cardiomyocyte (39). This kinase in vitro has been determined to phosphorylate a wide variety of proteins, with little selectivity or specificity (32). However, the diversity of actions provided by the various isozymes of PKC suggests that mechanisms of recognition are present in the intact cell that would confer specificity to the PKC enzymatic activity (20). Receptors for activated C kinase (RACKs) have been identified as PKC binding proteins that enable the anchoring of the activated kinase, thereby conferring specificity of action (5). Evidence suggests that RACK2 serves as the specific intracellular anchor for PKC-ε (5, 21).
nitude (14) , and ventricular contractility (15) . This anti-adrenergic property of adenosine limits the detrimental action of excessive levels of catecholamines that may occur with enhanced sympathetic drive. In this manner, adenosine curtails cardiotoxicity (38) of norepinephrine released during ischemia (39) . We have reported that endogenous adenosine reduces the toxic effect of excessive catecholamine stimulation on contractile function (15) .
Adenosine also attenuates catecholamine responsiveness independently of the anti-adrenergic action. The activation of adenosine receptors and PKC each alone decrease the maximum velocity of shortening (V max ) of rat ventricular cardiomyocytes (25) . This suggests contractile responsiveness to inotropic agents can be decreased independently of the antiadrenergic action. Recently, we have reported that, upon activation of A 1 R by the agonist chlorocyclopentyl-adenosine (CCPA), PKC-ε translocates to the transverse tubules (t-tubules) of isolated rat cardiomyocytes (30) . PKC-ε is abundantly expressed in the adult cardiomyocyte (39) . This kinase in vitro has been determined to phosphorylate a wide variety of proteins, with little selectivity or specificity (32) . However, the diversity of actions provided by the various isozymes of PKC suggests that mechanisms of recognition are present in the intact cell that would confer specificity to the PKC enzymatic activity (20) . Receptors for activated C kinase (RACKs) have been identified as PKC binding proteins that enable the anchoring of the activated kinase, thereby conferring specificity of action (5) . Evidence suggests that RACK2 serves as the specific intracellular anchor for PKC-ε (5, 21) .
Activation of the A 1 R by the agonist R-(Ϫ)N 6 -(2-phenylisopropyl)-adenosine (PIA) has been reported to elevate inositol triphosphate levels in the myocardium (23) . Others have reported, in avian ventricular myocytes, that the A 1 R agonist CCPA induces the accumulation of 1,2-diacylglycerol (DAG) and inositol phosphates, suggesting that the A 1 R is coupled to phospholipase C (PLC) (34) . One objective of the present study was to investigate whether PKC-ε translocates to the RACK2 binding protein located at the t-tubules. Another objective was to determine whether the A1R-induced activation of PKC-ε in the rat heart involves the activation of PLC. Measurements of sarcomere shortening and immunocytochemical imaging and co-immunoprecipitation were approaches used with cardiomyocytes and extracts obtained from rat and mouse hearts.
Massachusetts Medical School. Male Sprague-Dawley rats (Harlan, Indianapolis, IN or Charles River, Wilmington, MA) or C57BL/6 mice (UMass colony) of 3-4 mo of age were housed in rooms with 12:12-h light-dark cycles and fed rodent chow and water ad libitum.
Isolated heart preparation. Hearts were isolated and perfused as described previously by our laboratory (16) . Hearts were rapidly removed after animals were guillotined and perfused via an aortic cannula at a constant rate with physiological saline (PS) containing the following (in mM): 118 NaCl, 4.7 KCl, 2.5 CaCl 2, 25 NaHCO3, 1.2 KH 2PO4, 1.2 MgSO4, and 10 glucose, with the pH maintained at 7.4 by gassing the PS with 95% O 2-5% CO2. Flow rates ranged from 12 to 18 ml/min for rat hearts and 3.0 to 4.2 ml/min for mouse hearts, producing perfusion pressures ranging from 60 to 80 mmHg. Coronary perfusion pressures were measured by a pressure transducer attached to a side tube immediately above the aorta. Rat and mouse hearts were paced at 360 and 420 contractions/min, respectively. Water-filled latex (rat) or polyethylene (mouse) balloons were inserted into the left ventricular lumen via the mitral orifice and attached to a polygraph via a cannula to allow the hearts to develop tension against a load. Balloons were inflated to achieve a maximal developed force and maintained at constant volume thereafter. After instrumentation, hearts were allowed to stabilize for 15 min before initiating the experimental protocols. Agents were administered via infusion into the PS to achieve the desired concentrations. Durations and concentrations are described in RESULTS. The adenosine A2A receptor (A2AR) antagonist ZM-241385 was employed at 1 M in all experiments to prevent the actions of A2AR in response to endogenous adenosine. Upon termination of the experimental periods, hearts were frozen with liquid N2-cooled aluminum clamps and stored in liquid N2 until assayed.
Isolation of ventricular myocytes. Cardiomyocytes were isolated from rat hearts with the use of collagenase and hyaluronidase by procedures previously reported by us (10) , only with the enzyme perfusion duration reduced to 3-4 min. Isolated cardiomyocytes were cultured for 3 h on poly-L-ornithine-coated glass coverslips to allow attachment. These myocytes were used in imaging experiments. Other myocytes were allowed to remain suspended for use in sarcomere shortening experiments.
Measurement of myocyte contractile function. Cardiomyocyte contractile function was assessed as previously described (10) . Briefly, an aliquot of ventricular myocytes was placed into a 506-l chamber and suffused continuously at room temperature with suffusion solution containing the following (in mM): 136.4 NaCl, 4.7 KCl, 1.0 CaCl2, 10 HEPES, 1.0 NaHCO3, 1.2 MgSO4, 1.2 KH2PO4, 10 glucose, 0.6 ascorbate, and 1.0 pyruvate (pH 7.4). Myocytes were observed with an inverted microscope and stimulated to contract via platinum wire electrodes at 0.2 Hz. Sarcomere shortening was monitored using an IonOptix contractility system (Milton, MA). ZM-241385 was not included in experiments utilizing isolated cardiomyocytes, because cells were continuously suffused with fresh medium. Following an equilibration period of 15 min, reagents were added to the suffusion solution at the concentrations and durations indicated.
Immunocytochemistry and imaging. After attachment, myocytes were either left untreated or treated with the adenosine A1R agonist CCPA at 1 M for 5 min. In both cases, myocytes were then placed in fixation solution I [4% formaldehyde, 2 mM MgCl2, and 1 mM EGTA in phosphate-buffered saline (PBS); pH 7.4] and, after extensive washing, permeabilized with 0.1% Triton X-100 in PBS for 10 min. After permeabilization, the coverslips were washed twice with PBS and incubated for 30 min with 1% BSA in PBS. For double staining with PKC-ε and RACK2, the cells were first stained with rabbit PKC-ε (Santa Cruz Biotechnology) and mouse RACK2 (␤Ј-COP; Sigma) antibodies for 16 h at 4°C overnight. After being washed with PBS three times, myocytes were incubated with Cy3 (indocarbocyanine)-conjugated anti-rabbit IgG secondary antibody for PKC-ε and Cy5 (indodicarbocyanine)-conjugated anti-mouse IgG secondary antibody (Jackson ImmunoResearch) for RACK2 at 28°C for 1 h.
Excess secondary antibody was removed, and the coverslips were treated with 3% 1,4-diazabicyclo(2.2.2)octane (DABCO)-90% glycerol in PBS.
Images were observed using a Leica confocal microscope (Leica Microsystems, Germany). Differential interference contrast and fluorescence images were viewed using a Leica DM IRB laser scanning confocal microscope controlled by Leica TCS SP II confocal system (Leica Microsystems). The images were reconstructed using LCS three-dimensional software of Leica Microsystems. Images were processed using Photoshop 6.0 software (Adobe). Use of a PKC-ε antibody with fixed, permeabilized, rat ventricular cardiomyocytes allows the detection of endogenous PKC-ε. Because secondary antibodies were conjugated to Cy3-(indodicarbocyanine), the placement of the primary antibody was manifest as a red image. Localization of endogenous RACK2 using anti-RACK2 (anti-␤Ј-COP) with secondary antibodies conjugated to Cy5 (indodicarbocyanine) results in a blue-green image.
Coimmunoprecipitation of PKC-and RACK2. The effect of adenosine A 1R stimulation on the translocation of PKC-ε to RACK2 was investigated using immunoprecipitation. One hundred milligrams of frozen rat or mouse heart were homogenized (PRO200 homogenizer, PRO Scientific, Oxford, CT) in 200 l of homogenization buffer containing 20 mM HEPES, 0.3 mM MgCl 2, and 0.2 mM EDTA (pH 7.4). After centrifugation for 30 min at 22,000 g, the pellet was resuspended in 100 l of solubilization buffer composed of 100 mM Tris, 200 mM NaCl, 1 mM EGTA, and 0.05% CHAPS (pH 7.4). This mixture was incubated with 1.0 g of TCP-1␣ antibody (anti-RACK2; 34) for 14 h at 4°C with shaking. After adding 10 l of Protein A/G Plus Agarose, the mixture was incubated at room temperature for 90 min and centrifuged at 11,000 g for 5 min. The pellet was subsequently washed three times with a buffered phosphate solution containing 2 mM KH2PO4, 10 mM Na2HPO4, and 0.14 mM NaCl (pH 6.8), and resuspended in 100 l of 2% SDS/10% glycerol. A sample was removed for protein determination, and the remainder was supplemented with 25% ␤-mercaptoethanol, 300 mM Tris, and 0.5% bromophenol blue. After boiling for 3-5 min, samples were centrifuged to pellet the agarose, and the supernatant was resolved on 10% SDS-PAGE. Resolved proteins were transferred to nitrocellulose membranes and blotted against primary rabbit anti-PKC-ε. The secondary antibody was goat anti-rabbit conjugated to horseradish peroxidase. The chemiluminescence was monitored with X-ray film and Western Lightning reagents (PerkinElmer LAS, Boston, MA). Film densities were quantified using UN-SCAN-IT software (Silk Scientific, Orem, UT).
Statistical methods. Data were analyzed using StatMost (Dataxiom, Los Angeles, CA). After applying one-way ANOVA, additional analysis was conducted using Student-Newman-Keuls post hoc test. A P value of Ͻ0.05 was taken to indicate a statistically significant difference. All data are presented as means Ϯ SE. Quantitative imaging analysis to assess the colocalization of the PKC-ε and RACK2 was performed using "Intensity Correlation Analysis" function in ImageJ (http://rsbweb.nih.gov) (27) . The overlap coefficients generated by Pearson's correlation coefficient have values between 1 and 0 (1 indicating that 100% of both components of the two images overlap).
Materials. Buffer salts, general laboratory reagents, DABCO, formaldehyde, and Triton X-100 were obtained from Fisher Scientific (Medford, MA) or Sigma (St. Louis, MO). SDS and all gel electrophoretic reagents were obtained from Bio-Rad (Richmond, CA). The PLC inhibitor U-73122 and its inactive analog U-73343 were purchased from Invitrogen (Camarillo, CA). 8-Cyclopentyl-1,3-dipropylxanthine (DPCPX) and PIA were obtained from Sigma (St. Louis, MO). ZM 241385 (ZM) and CCPA were purchased from Tocris (Ellisville, MO). Phorbol 12-myristate 13-acetate was obtained from Sigma (St. Louis, MO). PKC-ε polyclonal IgG and Protein A/G PLUS Agarose were obtained from Santa Cruz (sc-214; Santa Cruz, CA), and TCP-1␣ rat IgG (anti-RACK2) or ␤Ј-COP mouse IgG (anti-RACK2) were purchased from Stressgen (Ann Arbor, MI) or Sigma (St Louis, MO), respectively. Secondary antibodies Cy3 and Cy5 (indodicarbocyanine) conjugated anti-mouse IgG for RACK2 were obtained from Jackson ImmunoResearch (West Grove, PA). CCPA, DPCPX, and ZM were prepared as stock solutions in DMSO.
RESULTS

Immunocytochemistry, imaging, and PKC-translocation.
As indicated in METHODS, the placement of the primary PKC-ε antibody was imaged in red. In this manner, it was determined that stimulation of the A 1 R with CCPA elicited a translocation of the kinase to t-tubular structures in the cell (Fig. 1, A and D) . Localization of endogenous RACK2 appearing as a blue-green image in the same cardiomyocytes indicated their presence in the t-tubular structures (Fig. 1, B and E) . Images depicting localization of PKC-ε and RACK2 were merged for both control and CCPA-treated cells (Fig. 1, C and F) . A linear fluorescent density scan was conducted over 18.8 m perpendicular to the t-tubular structures, as depicted in Fig. 1G . Data shown in Fig. 1H reveal highly coincident traces for PKC-ε (red) and RACK2 (green). Quantitative image colocalization analysis indicated that the administration of CCPA significantly increased the colocalization of PKC-ε and RACK2 (Fig. 2) . These data indicate that A 1 R stimulation results in a translocation of PKC-ε to the RACK2 protein that is a part of the ventricular myocyte t-tubule system. The timed administration of CCPA indicated that the localization of PKC-ε to the striated pattern characteristic of t-tubules reached a maximum intensity by 3 min of a 5-min exposure to CCPA and that the localization was reversible by 5 min (Fig. 3) . For comparison, imaging of RACK2 was constant throughout the CCPA treatment period.
Coimmunoprecipitation of PKC-with RACK2. Additional information concerning the localization of PKC-ε in response to stimulation of A 1 R in the rat ventricular myocardium was obtained by first immunoprecipitating the RACK2 protein with anti-TCP-1␣ monoclonal IgG and Protein A/G Agarose, with subsequent Western blotting with anti-PKC-ε. Initial experiments were conducted with the nonspecific PKC activator phorbol myristate and the A 1 R agonist PIA at concentrations of 1 M. The phorbol ester increased the coimmunoprecipitation of PKC-ε with RACK2 by greater than 1,500-fold (Fig. 4) . Stimulation of A 1 R by PIA elicited a 49% increase in coimmunoprecipitation.
Experiments were repeated with the more specific A 1 R agonist CCPA separately and together with the A 1 R antagonist Fig. 1 . The effect of A1 receptor (A1R) stimulation of rat ventricular myocytes with chlorocyclopentyladenosine (CCPA) on the immunocytochemical localization of PKC-ε and receptor for activated C kinase 2 (RACK2). Cardiomyocytes were immunostained with antibodies against either PKC-ε or RACK2 (anti-␤Ј-COP), and the endogenous proteins were detected by Cy3-or Cy5-conjugated secondary antibodies. Isolated rat ventricular myocytes were incubated either in the absence (control) or presence of 1 M CCPA for 5 min. Images depict either PKC-ε (A and D), RACK2 (B and E), or both (C and F; merged image of PKC-ε and RACK2). A linear fluorescent density scan of F shown in G over 18.8 m reveals highly coincident traces for PKC-ε (red) and RACK2 (blue-green) in H, indicating that A1R stimulation results in a translocation of PKC-ε to the RACK2 protein of the ventricular myocyte transverse (t)-tubule system. ROI, region of interest.
DPCPX. CCPA administered at 1 M for 5 min elicited a 186% increase in the association of PKC-ε with RACK2 (Fig.  4) . This increase was effectively inhibited with the administration of 0.1 M DPCPX. DPCPX alone had no effect.
To determine whether the mouse myocardium responded similarly as the rat heart, coimmunoprecipitation of PKC-ε with RACK2 was determined with wild-type mouse hearts using the methodology employed for the rat heart above. Administration of CCPA in a concentration of 1 M to the isolated heart was found to significantly enhance the coimmunoprecipitation by 61%. These data indicate that A 1 R stimulation results in an enhanced coimmunoprecipitation of PKC-ε with RACK2 in the mouse as well as the rat heart.
Inhibition of PLC and A 1 R function. It has been suggested that PKC activity is enhanced in avian heart in response to elevated DAG levels elicited by A 1 R activation (34) . We have reported that PKC-ε activation is involved in the anti-adrenergic action of A 1 R (30). Experiments were conducted to determine whether the inhibition of PLC attenuates the anti-adrenergic action of A 1 R. Basal sarcomere shortening in the absence of agents was 0.13 Ϯ 0.02 m. Administration of 2 nM isoproterenol to isolated rat cardiomyocytes for 3 min increased sarcomere shortening by 177% (Fig. 5 ). This effect was not altered by the presence of the PLC inhibitor U-73122 (10 M), the inactive analog U-73343 (10 M), or DPCPX (0.2 M). CCPA for 5 min at 2 M alone did not alter sarcomere shortening, but reduced the isoproterenol response by 47%. DPCPX and U-73122 inhibited the action of CCPA, while the inactive analog U-73343 had no effect. This suggests that A 1 R attenuates the contractile responsiveness to adrenergic stimulation involving activation of PLC.
DISCUSSION
The data presented in this study demonstrate that activation of PKC-ε on stimulation of the A 1 R in the rat or mouse heart elicits the translocation of the kinase to a RACK2 protein of the cardiomyocyte. Previously, we reported A 1 R activation promotes the translocation of PKC-ε, but not PKC-␦, to the t-tubules of the cardiomyocyte (30) . The present data indicate that RACK2 was the target protein for this translocation. Our present observations include the measurement of contractile activity of isolated cardiomyocytes and the visualization with imaging (rat) and coimmunoprecipitation of the kinase and RACK2 (rat and mouse). Translocation of PKC-ε to RACK2 occurred whether the PKC-ε was activated nonspecifically by a phorbol ester, or by A 1 R activation with PIA, or with the selective agonist CCPA. The action induced by CCPA was selective for the A 1 R, as indicated by the inhibition elicited by the A 1 R antagonist DPCPX. Furthermore, PKC-ε translocation most likely results from an A 1 R-induced increase in PLC activity.
To date, studies of the effect of adenosine on contractile function in the heart have focused primarily on the direct effect of this nucleoside on ␤-adrenergic-induced elevations in cellular levels of cyclic AMP (9) . This effect has been designated as the anti-adrenergic action of adenosine initiated by an A 1 R-induced reduction of G s protein cycling in ␤-adrenergic-stimulated ventricular membranes (17) . Such an action would manifest a reduced catecholamine-elicited activation of adenylyl cyclase (37), formation of cAMP (8), activation of PKA (8), and, ultimately, the phosphorylation of myocardial proteins important to contractile activity (13) . By directly attenuating the ␤-adrenergic signaling, adenosine protects the heart from the toxic effects of adrenergic overstimulation, i.e., provides adenoprotection to the heart. It is apparent that the anti-adrenergic action of adenosine defines the direct effect of adenosine in reducing the signal transduction initiated by adrenergic stimulation.
Another mechanism of adenoprotection that does not involve the direct modulation of adrenergic signaling may involve PKC, a kinase associated with the phosphorylation of myofilament proteins, such as C protein, troponin I, myosin light chain, and others (3, 20) . It has been reported that the activation of adenosine receptors and PKC each alone decreases the V max of rat ventricular cardiomyocytes in the absence of adrenergic stimulation (25) . Lester and Hofmann (26) subsequently demonstrated that adenosine increased the turnover of inositol phosphates, induced PKC-ε activation, and reduced unloaded shortening velocities of ventricular myocytes. Therefore, adenosine can manifest adenoprotection by reducing the contractile responsiveness of the myocardium to adrenergic stimulation by a means other than the traditionally described anti-adrenergic mechanism. Activation of the PKC most likely results from the A 1 R-induced accumulation of DAG (34) . It is thus likely that adenosine-induced adenoprotection of the heart is mediated, at least in part, by A 1 R activation of PLC. This is supported by our present observation that the A 1 R-induced reduction in sarcomere shortening stimulated by isoproterenol is prevented by the PLC inhibitor U-73122 (Fig. 5 ). Previously, we had shown that the inhibition of PKC-ε with inhibitor peptides also blocked the A 1 R-induced attenuation of ␤-adrenergic responses (10, 30) . It is not entirely known at this point whether the two parallel mechanisms are operationally synergistic. However, it is interesting that inhibition of the A 1 R action by U-73122 was complete (Fig. 5) . This is not entirely unexpected. Cardioprotection, for example, is provided by the process of ischemic preconditioning via multiple mechanisms, each of which achieves the same result (12) . Such mechanisms involving adenosine, bradykinin, and opioids trigger parallel cardioprotective signal cascades involv- Fig. 2 . Effect of A1R stimulation on the colocalization of PKC-ε and RACK2 in isolated rat cardiomyocytes. Myocytes were stimulated with CCPA at 1 M for 5 min and prepared for analysis, as described in METHODS. Colocalization was determined and statistics conducted as described in METHODS. Values are means Ϯ SE for 3 cardiomyocytes. *Means are significantly different at P ϭ 0.011.
ing PKC. These various mechanisms are not additive. With the process of adenoprotection, it is clear that common pathway elements may be shared. The complete inhibition of A 1 R action noted in Fig. 5 by blocking PLC activity suggests that signaling elements beyond PKC require delineation to learn how they interact with other mechanisms initiated by A 1 R. Of particular interest is the control of protein phosphatase (PP) activities by adenosine (44) and the modulation of endogenous inhibitors of PP that can be phosphorylated/activated by both PKA and PKC.
The present results reveal the importance of PKC in adenoprotection. PKC is an important inhibitory modulator of heart function (2, 11, 45) . PKC-ε, the primary isoform found in the heart (39) , is implicated in L-type Ca 2ϩ regulation (22) and regulation of thin-filament Ca 2ϩ sensitivity (18) . PKC may also serve as a signal mediator for the preconditioning property of adenosine (1, 4, 34) . However, while PKC-ε is undoubtedly important to the adenoprotection action of adenosine in the presence (10) or absence (30) of adrenergic stimulation, it remains to be elucidated how this is accomplished. Mechanisms that allow direction to the movements of the various PKC isoforms to discrete localities within the cell have been discussed as essential for the appropriate and efficient manifestation of PKC activity (31, 41, 42) . Such spatial redistribution of PKC on activation, described as "anchoring," potentially allows the kinase activity to effectively phosphorylate the appropriate proteins required for a specific response (32) . PKC-ε was reported to bind to the coatomer protein ␤ЈCOP (RACK2) of Golgi membranes (5) at an 8-residue RACK-binding sequence, EAVSLKPT (11) . Activated recombinant PKC-ε has been reported to bind reversibly and with high affinity to cardiac myofilaments free of t-tubuler membranes (19) . Furthermore, when observed in skinned cardiomyocytes shown to be depleted of t-tubular membranes, the PKC-ε was found to localize in a cross-striated pattern, forming the Z-lines. Use of inhibitory synthetic peptides indicated that RACK2 (␤Ј-COP) at the Z-line was the target anchoring protein (19) . Our present and previous data (30) , as well as reports of others (6) , indicate that activated PKC-ε translocates to the Z-line and is colocalized with RACK2, as determined visually and by coimmunoprecipitation. This is also the location of t-tubules important to excitation-contraction coupling and sarcomeric actin filament tethering. Proteins phosphorylated by PKC-ε in the vicinity of RACK2 remain to be determined.
Suggested mechanisms by which adenosine can manifest an adenoprotective action in the heart are depicted in Fig. 6 . As described above, ␤ 1 -adrenergic receptor activation results ultimately in the phosphorylation of a number of proteins important to the modulation of heart contractility (28). In manifesting an anti-adrenergic action, adenosine acting via the adenosine A 1 R coupled to the G i protein attenuates adrenergic signaling and contractile responses. A 1 R have also been found to enhance the cellular PP2A activity that would reduce the myocyte contractility by dephosphorylating the target proteins of PKA (29, 44) and other kinases that modulate cell function. Interestingly, the anti-adrenergic action of A 1 R is additionally Fig. 6 . Schematic depicting proposed mechanisms by which the nucleoside adenosine elicits an adenoprotective action in the myocardium. Adenosine affords adenoprotection against overstimulation by adrenergic agents via two mechanisms: 1) the direct attenuation of the adrenergic signaling pathway (anti-adrenergic action; top); and 2) the reduction of contractile responsiveness independently of this pathway (indirect; bottom). ␤-R, ␤1-adrenergic receptor; Gs and Gi, stimulatory and inhibitory G proteins, respectively; PP2A, protein phosphatase 2A; PLC, phospholipase C; ϩ and Ϫ depict an activation and inhibition, respectively, in the subsequent event. modulated via the activity of adenosine A 2A (33, 43) . A recent report from our laboratory suggests a direct inhibitory action of A 2A R on A 1 R function involving the modulation of G protein function (17) . In addition to the anti-adrenergic action, a second component of adenoprotection, as described in this study, involves the activation of PKC-ε via A 1 R-induced PLC, followed by the translocation of the protein kinase to RACK2 anchoring protein at the cardiomyocyte Z-line.
In conclusion, data are presented that delineates the involvement of PLC activation by adenosine in the manifestation of the nucleoside's adenoprotection of the myocardium. The signaling cascade includes the activation and translocation of PKC-ε to the RACK2 anchoring protein located in the region of Z-line and t-tubular system. In this fashion, adenosine induces adenoprotection of the myocardium independently of the well-known direct attenuation of the adrenergic signaling transduction pathway, which is the anti-adrenergic action.
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